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Retinoic acid production, regulation and containment through
Zic1, Pitx2c and Cyp26¢1 control cranial placode specification

Aditi Dubey’, Jianshi Yu?, Tian Liu?, Maureen A. Kane? and Jean-Pierre Saint-Jeannet"*

ABSTRACT

All paired sensory organs arise from a common precursor domain
called the pre-placodal region (PPR). In Xenopus, Zic1 non-cell
autonomously regulates PPR formation by activating retinoic acid (RA)
production. Here, we have identified two Zic1 targets, the RA
catabolizing enzyme Cyp26c1 and the transcription factor Pitx2c,
expressed in the vicinity of the PPR as being crucially required for
maintaining low RA levels in a spatially restricted, PPR-adjacent
domain. Morpholino- or CRISPR/Cas9-mediated Cyp26c¢1 knockdown
abrogated PPR gene expression, yielding defective cranial placodes.
Direct measurement of RA levels revealed that this is mediated by a
mechanism involving excess RA accumulation. Furthermore, we show
that pitx2c is activated by RA and required for Cyp26¢1 expression in a
domain-specific manner through induction of FGF8. We propose that
Zic1 anteriorly establishes a program of RA containment and regulation
through activation of Cyp26¢1 and Pitx2c that cooperates to promote
PPR specification in a spatially restricted domain.

KEY WORDS: Retinoic acid, Placode, Xenopus, Degradation,
Patterning

INTRODUCTION

Paired sensory organs in vertebrates originate from thickenings of
the embryonic head ectoderm called cranial placodes (Le Douarin,
1986; Saint-Jeannet and Moody, 2014). All cranial placodes arise
from a common progenitor territory known as the pre-placodal
region (PPR). In Xenopus, the PPR is located adjacent to the anterior
neural plate (ANP) (Schlosser and Ahrens, 2004). A combination of
inductive signaling events and transcriptional programs result in the
progressive subdivision of the PPR into distinct placodal regions
that subsequently adopt fates characteristic of adenohypohyseal,
olfactory, lens, trigeminal, epibranchial and otic placodes along the
antero-posterior axis (Schlosser, 2006; Baker and Bronner-Fraser,
2001; Grocott et al., 2012). Given these diverse contributions,
disruptions in the specification of the PPR can lead to an array of
congenital disorders in humans affecting the orofacial complex,
such as blindness, deafness, anosmia, hormone imbalances and
sensory deficits (Xu et al., 2002; Rufet al., 2004; Schonberger et al.,
2005; Li et al., 2010; Moody and LaMantia, 2015). Understanding
the development of placodes is therefore crucially important to
decipher the underlying causes of these disorders.
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Retinoic acid (RA) is a well-documented morphogen during
vertebrate development (Duester, 2008), and is especially crucial for
the formation of head structures (Dubey et al., 2018). In the context of
cranial placodes, RA signaling through RA receptor 0.2 (RARa2) has
been implicated in the establishment of the posterior-lateral boundary
of'the PPR in Xenopus (Janesick et al., 2012). Later in development,
RA signaling regulates the formation of several placode derivatives.
For example in the chick, otic placode morphogenesis and patterning
depends on adjacent domains of RA synthesis and degradation that
are crucial to establishing the anterior and posterior domains of the
inner ear (Bok et al., 2011). In both chick and mouse, the olfactory
epithelium is an important source of RA, and in the absence of RA
olfactory progenitors fail to expand and to differentiate into olfactory
neurons (Paschaki et al., 2013).

Previous work from our laboratory has demonstrated that the
transcription factor Zicl is necessary and sufficient to specify placode
fate through activation of PPR-specific genes such as Six/ and Eyal
(Hong and Saint-Jeannet, 2007). Interestingly, Zic1 is not expressed in
the PPR and a microarray screen to identify its downstream targets
uncovered a novel, non-cell autonomous role for Zicl in the
specification of PPR (Bae et al., 2014; Jaurena et al., 2015).
Specifically, Zicl at the ANP is required for the activation of the
retinoic acid (RA)-synthesizing enzyme, retinaldehyde dehydrogenase
2 (ALDH1A2) and the RA transporter, lipocalin-prostaglandin D2
synthase (LPGDS), effectively creating an anterior source of RA in the
embryo (Jaurena et al., 2015). Disruptions in the function of these two
factors diminished the expression of PPR genes, indicating a crucial
role for RA in PPR formation. This work showed that not only is RA
signaling required for PPR formation, but also that PPR gene activation
depends on specific levels of RA. Given the acute sensitivity of the
PPR to RA levels, this suggested that a careful calibration and
containment of RA signaling likely takes place to allow for the
appropriate specification of the PPR. This prompted us to investigate
the existence of a possible RA-regulation program between the PPR
and the ANP, where RA levels are locally established and maintained.

Here, we have analyzed the function of another Zic1 target, the RA-
catabolizing enzyme Cyp26¢l, which is expressed anteriorly in the
vicinity of the PPR. We show that Cyp26c¢1 is not only crucial for PPR
and cranial placode development, but also broadly for the formation of
anterior structures. Direct measurement of RA levels by LC-MS/MS
revealed that RA levels are abnormally elevated in cyp26¢1-depleted
embryos. Additionally, we show that, rather than an absence of RA,
this region needs to maintain low RA levels compatible with PPR gene
expression. Furthermore, we show that Cyp26c1 expression anteriorly
is regulated by the transcription factor Pitx2c, an RA-responsive gene
and a Zicl target, through the activation of FGF signaling. Thus, these
events set in motion by Zicl induction serve to create a robust anterior
RA gradient that is essential for placode specification. Collectively, our
results uncover a novel program of RA containment and regulation
through Cyp26¢cl and Pitx2c¢ that cooperates to promote PPR
specification in a spatially restricted domain.
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RESULTS
Cyp26¢1 is expressed anteriorly and is a target of Zic1
We have previously identified the RA catabolizing enzyme Cyp26cl
as a target of Zicl during PPR formation in a microarray screen (Bae
et al., 2014; Jaurena et al., 2015). At the neurula stage, cyp26c! is
expressed in the prospective hindbrain and anteriorly in a region that
abuts the neural plate, consistent with a potential role in PPR
formation (Fig. 1A; Tanibe et al., 2008). In order to confirm that
Cyp26cl is a genuine target of Zicl, we analyzed its regulation by
Zicl in the embryo. Zicl overexpression (Zicl GR; Hong and Saint-
Jeannet, 2007) resulted in expansion of cyp26¢! expression domains
(Fig. 1B,C). Conversely, Zicl knockdown (Zic1MO; Sato et al.,
2005) showed reduction in cyp26c¢1 expression domains (Fig. 1B,C).
Furthermore, in animal cap explants, Zicl GR expression is sufficient
to activate cyp26c¢i, whereas it has no impact on the related enzyme,
cyp26al (Fig. 1D,E). These observations indicate that Zicl is
necessary and sufficient for cyp26c] expression.

To understand the developmental dynamics of cyp26c¢! expression,
we used gqRT-PCR to compare its temporal expression to that of six/, a
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PPR gene, and of pitx2c (Jeong et al., 2014), a transcription factor that
isa putative Zicl target (Bae etal., 2014; Jaurena et al., 2015). cyp26¢1
is activated shortly after mid-blastula transition and progressively
increases until stage 22, followed by a decrease in expression over time
(Fig. 1F; Fig. S1), whereas six/ and pitx2c show a steadier increase
throughout development (Fig. 1G,H; Fig. S1).

Consistent with previous reports (Tanibe et al., 2008; Yu et al.,
2016), cyp26cl is first detected by in situ hybridization (ISH) at the
gastrula stage (Fig. 1I; stage 12) in a single domain that, as
development proceeds, segregates into two regions: the prospective
hindbrain posteriorly and in a crescent-shaped domain anteriorly
(Fig. 1I). We compared the expression of cyp26cl with that of
pitx2c, which is expressed in a similar region of the ectoderm (Jeong
et al., 2014). We found that pitx2c expression is confined to this
crescent-shaped domain and temporally precedes cyp26¢! in this
region that later maps to the prospective cement gland (Fig. 11).

Two-color in situ hybridization reveals that the cyp26c! anterior
expression domain abuts, but does not overlap with, the zicl
expression domain, whereas both genes are co-expressed in the
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Fig. 1. Cyp26c1 is expressed anteriorly and is a target of Zic1. (A) In situ hybridization for cyp26c1 expression at late neurula stage (left panel). The dashed
white line indicates the plane of section. Right panel shows the corresponding section (lateral view) stained with Hematoxylin and Eosin. The prospective
hindbrain (magenta arrow) and the PPR-adjacent anterior (green arrow) domains are indicated. (B) /n situ hybridization for cyp26c¢1 on control, Zic1GR- and
Zic1MO-injected embryos (upper panel). Representative images are shown, with the injected side on the right. (C) Quantification of the phenotypes. The number
of embryos analyzed for each condition is on the top of each bar; ****P<0.0001, 2 test. (D) Schematic representation of an animal cap explant assay. (E) RT-PCR
analysis of cyp26c¢1, cyp26a1, six1 and ODC (ornithine decarboxylase 1) expression in Zic1GR-injected animal cap explants. (F,G,H) Developmental qRT-PCR
expression profile of cyp26¢1 (F), six1 (G) and pitx2c (H). NF stages are indicated on the x-axis, values are normalized to ODC. A representative experiment is
shown. () In situ hybridization for cyp26c1 and pitx2c expression. NF stages are indicated at the top of each panel. The onset of expression of cyp26¢1 and pitx2c
in the PPR-adjacent domain is indicated with a red arrow. (J) Double in situ hybridization for zic1 (teal) and cyp26¢1 (magenta) (upper panels); and foxi4.1 (teal)
and cyp26c1 (magenta) (lower panels). Higher magnifications of stage 15 embryos are shown. (K) Schematic representation of zic1, cyp26c1 and foxi4. 1
expression domains. (E) W.E, whole embryo; (J) Lat, lateral view. All images show anterior views with dorsal towards the top, unless otherwise indicated.

DEVELOPMENT


http://dev.biologists.org/lookup/doi/10.1242/dev.193227.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.193227.supplemental

RESEARCH ARTICLE

Development (2021) 148, dev193227. doi:10.1242/dev.193227

prospective hindbrain region (Fig. 1J; upper panels). When compared
with the PPR gene foxi4. 1, the cyp26¢1 expression domain appears to
line and partially overlap with the foxi4. I posterior expression domain
(Fig. 1J; lower panels). Therefore, anteriorly cyp26c¢! is nested in a
region between the zic/ and foxi4.1 expression domains (Fig. 1K).

To further establish that Cyp26cl expression at these
development stages is directly relevant to RA metabolism, we
used LC-MS/MS for whole-embryo measurements of endogenous
levels of all-trans RA (at-RA) and 4-oxo-RA, a major RA
metabolite generated by Cyp26 enzymes (Pijnappel et al., 1993;
Baron et al., 2005) (Fig. 2A). We found that whereas at-RA is
detected at similar levels at NF stages 9 and 10.5, when cyp26¢! is
undetectable (Fig. 1F,I), at NF stage 13, when cyp26¢1 is robustly
expressed, at-RA levels showed a marked decrease (Fig. 2B). This
reduction in at-RA is accompanied by a significant increase in
4-ox0-RA at this stage (Fig. 2C). We also quantified 13-cis-RA, a
RA isomer with low affinity for nuclear receptors, and the RA
precursors retinol and retinyl ester (RE), which were statistically
unchanged across stages 9, 10.5 and 13 (Fig. S2). Collectively, these
findings indicate that, at NF stage 13, Cyp26cl participates in the
regulation of at-RA levels in the whole embryo.

Cyp26c1 knockdown results in a broad loss of anterior
structures

Based on the spatial expression profile of zicl, cyp26¢1 and foxi4.1,
we have updated our model of PPR specification by RA (Jaurena
et al., 2015) (Fig. 3A), and propose that Cyp26cl may serve to
establish an RA refractory region between the RA-synthesizing ANP,
and the RA-responsive PPR in order to properly position this domain.
This model predicts that there are two pools of RA produced at the
anterior neural plate: a pool bound to lipocalin-type prostaglandin D2
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Fig. 2. Measurement of at-RA and 4-oxo RA levels in the embryo.

(A) Schematic representation of the metabolic pathway for synthesis and
degradation of endogenous RA by RALDH2 and Cyp26¢1, respectively.
(B,C) Endogenous retinoids, at-RA (B) and 4-oxo-RA (C), in wild-type
Xenopus embryo at stages 9, 10.5 and 13, as quantified by LC-MS/MS. NF
stages are indicated on the x-axis. Data are for 130 embryos per group and are
shown as meants.d., n=3 groups per time-point; *P<0.0311 (unpaired t-test).

synthase (LPGDS), which is resistant to Cyp26c¢l activity and that
can travel to the prospective PPR region to activate placode genes;
and an unbound pool that is actively degraded by Cyp26c¢1 in order to
maintain low levels required for PPR specification (Fig. 3A).

To evaluate the role of Cyp26¢]1 in PPR specification, we used a
morpholino (MO) antisense oligonucleotide targeting the intron 4/exon
5 junction of ¢yp26¢l pre-mRNA (Cyp26MO; Fig. 3B) to interfere
with its function. Injection of increasing amounts of Cyp26¢c1MO in
the embryo resulted in the accumulation of an aberrant transcript due to
intron 4 retention (Fig. 3B). Based on sequence analysis, the retention
of this intron is predicted to generate a truncated Cyp26cl protein
lacking the C-terminal domain that is responsible for the enzymatic
activity of Cyp26c1; however, this could not be confirmed by western
blot due to the lack of suitable antibody to detect endogenous Cyp26c¢l
in Xenopus. Unilateral injection of Cyp26MO resulted in a significant
reduction of six, foxi4.1 and dmrtal expression at the PPR, as well as a
reduction of the placodal expression domain of sox2 (Fig. 3C-E). These
findings were further confirmed in animal cap explants, where the
induction of six/ and pitx2c by Zic1GR was strongly inhibited in the
presence of Cyp26¢c1MO (Fig. 3F,G; Fig. S3).

In order to assess the long-term consequences of Cyp26cl
depletion on cranial placode formation, embryos bilaterally injected
with Cyp26MO at the two-cell stage were analyzed at early to late
tailbud stages (NF stage 26-31; Fig. 3H,I). Strikingly, six/ expression
was severely reduced in all placodal domains, including the
epibranchial and olfactory placodes (Fig. 3H,I) (Schlosser and
Ahrens, 2004). The expression of foxi4.1 in epibranchial placodes
was also reduced and their spatial organization was severely disrupted
(Fig. 3H,I). These embryos also had defective lens and otic placodes,
as visualized by the expression of bx2 (Fig. 3H,I; Takabatake et al.,
2000).

We also performed Cyp26¢c1 knockdown using the CRISPR-Cas9
gene-editing technology. The Cyp26cl mutations in the CRISPR-
Cas9-injected embryos were confirmed by direct sequencing of PCR
products (DSP) assay (Fig. S4). Unilateral co-injections of two single
guide RNAs (sgRNAs) targeting exon 1 and exon 2 with Cas9 protein
resulted in a marked reduction of six/ and foxi4.] expression
when compared with Cas9-only injected siblings (Fig. 3J.K).
Approximately 25% of the embryos show an expansion of foxi4.1.
Because each mutation event is unique in cyp26¢1-CRISPR embryos
(Fig. S4), and likely to differently affect cyp26cl function, we can
speculate that, in some embryos, cyp26¢1 mutations may lead to a
partial attenuation of Cyp26¢1 activity, resulting in accumulation of
RA to levels compatible with foxi4.] expansion, as observed in
embryos exposed to low doses of RA (Jaurena et al., 2015).
Therefore, using two different approaches to interfere with Cyp26cl
function, we were able to establish the requirement of Cyp26cl
activity for PPR gene expression and the development of anterior
structures, including multiple cranial placodes.

Although animal cap explants expressing Zicl are fated to generate
placode progenitors in the absence of other tissue types (Hong and
Saint-Jeannet, 2007; Jaurena et al., 2015), consistent with a direct role
of RA in the ectoderm, in the context of the whole embryos we cannot
exclude the possibility that Cyp26¢1 manipulation may interfere with
PPR formation indirectly. To begin addressing this issue, we have
performed Cyp26¢1MO injections at the eight-cell stage to more
specifically target the placode territory (Moody, 1987; Fig. 3L). In
these experiments, we observed a similar reduction of six/ and foxilc
expression as seen for two-cell stage injections (Fig. 3M,N),
suggesting that RA mediates its activity in the embryonic ectoderm
to activate PPR genes. However, the possibility remains that
Cyp26¢l-regulated RA levels may act indirectly in this context, as
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Fig. 3. Cyp26c1 knockdown results in a broad loss of anterior structures. (A) Schematic representation of the working model for PPR specification based on
previous work (Jaurena et al., 2015). Anterior neural plate (ANP, purple) expresses Zic1, which induces raldh2/aldh1a2 and Ipgds/ptgds. Raldh2 converts retinal
to RA. A putative refractory region (orange) expressing cyp26c1 lies adjacent, across which RA is transported. At the PPR (blue), RA induces expression of PPR
genes six1, eyat and foxi1c/foxi4.1. (B, top) Schematic representation of the cyp26c1 gene structure showing the target site of the splice-blocking morpholino
(MO; green bar) and the target sites of sgRNA SL1 and SL2. (B, bottom) RT-PCR analysis showing intron 4 retention in embryos injected with increasing doses of
Cyp26¢1 morpholino (Cyp26MO). Control indicates uninjected embryos. ODC is shown as loading control and Xenopus laevis genomic DNA as a positive control
for intron 4 detection. (C,D) In situ hybridization for the indicated genes in control and Cyp26MO-injected embryos at stage 15. Injected side (right) showing the
lineage tracer Red-Gal. Expression domains of dmrta? (red arrows), snai2 (red arrowheads) and the placode domain of sox2 (white arrows) are indicated. (E)
Quantification of the phenotypes. The number of embryos analyzed is indicated at the top of each bar. P-values were calculated using an unpaired t-test for the
major phenotype, **P<0.01, ***P<0.001, ****P<0.0001. (F,G) gqRT-PCR analysis of six1 (F) and pitx2c (G) expression in Zic1GR and Zic1GR+Cyp26MO-injected
animal cap explants cultured in the presence of dexamethasone. A representative experiment is shown, normalized to ODC. (H) In situ hybridization for six1,
foxi4.1 and tbx2 expression in tailbud stage control and bilaterally Cyp26MO-injected embryos. Nasal and epibranchial placodes are visualized using six7 and
foxi4.1, respectively (white arrows). The lens and otic vesicle are visualized by tbx2 (white arrows). Top panels show anterior views, dorsal towards the top. Middle
and bottom panels show lateral views, dorsal towards the top. (I) Quantification of the phenotypes. The number of embryos analyzed is indicated at the top of each
bar. ****P<0.0001, ? test. (J) In situ hybridization for foxi4.1 and six1 expression in embryos injected with Cas9 alone or with Cyp26c1-sgRNA+Cas9. The
injected side is indicated by an asterisk. (K) Quantification of the phenotypes. The number of embryos analyzed for each condition is indicated at the top of each
bar. ***P<0.001, unpaired t-test. (L) Schematic representation of eight-cell stage injection. D, dorsal side; V, ventral side. (M) In situ hybridization for six1 and
foxi4.1 in control and Cyp26MO-injected embryos at stage 15. Injected side (right) showing the lineage tracer Red-Gal. (N) Quantification of the phenotypes. The
number of embryos analyzed is indicated at the top of each bar. ****P<0.0001, 2 test. Quantification from at least two (1) or three (E,K,N) biological replicates. (F,
G) Un, uninjected caps.
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Fig. 4. Measurement of RA levels in wild-type and Cyp26MO-injected
embryos. Endogenous retinoids in Xenopus embryos of either wild type (WT)
or bilaterally injected with Cyp26MO at stages 10.5 and 13. (A) at-RA, (B) 13-
cis-RA, (C) retinol and (D) RE. Data are for 25 embryos per group and are
shown as meants.d., n=4 groups per time-point/genotype; *P<0.0247,
unpaired t-test. 4-oxo-RA was below the assay limit of detection for groups of
25 embryos.

eight-cell stage injections are likely to affect other ectoderm
derivatives (i.e. neural plate and neural crest). Future studies will
determine whether Cyp26c1-regulated RA levels directly target the
PPR or whether RA acts indirectly by patterning adjacent tissues or
regulating another signaling pathway.

To further characterize the phenotype of Cyp26cl morphant
embryos, we analyzed a broader range of ectodermal genes.
Interestingly, we found that the expression of the neural crest (snai2)
and hindbrain (Anf1b) genes was also dramatically decreased in
morphant embryos (Fig. 3D,E). These results indicate that Cyp26c1
is not only essential for PPR formation, but that its depletion results
in a broad loss of anterior structures, consistent with its previously
reported function in anterior neural patterning (Tanibe et al., 2008).

Because exposure to excess RA is known to be detrimental to the
formation of anterior structures in the embryo (Durston et al., 1989;
Abu-Abed et al., 2001; Uehara et al., 2007), we speculate that loss of
Cyp26¢1 function resulted in excess RA accumulation in the embryo.
To test this possibility, we measured by LC-MS/MS endogenous
levels of at-RA in wild-type and cyp26¢1-depleted embryos at stages
10.5 and 13. Quantitative analyses indicate that at-RA levels are indeed
significantly elevated in stage 13 morphant embryos when compared
with sibling controls (Fig. 4A), whereas the levels of 13-cis-RA were
unchanged (Fig. 4B). The at-RA precursors retinol and retinyl ester
(RE) were also unaffected in these embryos (Fig. 4C,D). Taken
together, these results establish Cyp26¢1 as an important regulator of
PPR formation by modulating RA levels anteriorly.

Cyp26a1 is not implicated in PPR formation

Cyp26¢cl is one of three enzymes involved in RA degradation. In
Xenopus, cyp26¢l and cyp26al are both expressed during gastrulation
stages in partially overlapping regions anteriorly (Tanibe et al., 2008),
whereas cyp26b1 is expressed much later in development (Lynch
etal., 2011). We observed a mild but consistent expansion of Cyp26al
upon knockdown of Cyp26¢1 (not shown), which was, however, not
sufficient to rescue PPR gene expression. Interestingly, morpholino-
mediated knockdown of Cyp26al (Fig. 5A,B) did not significantly
affect cyp26c¢1 or sixI expression (Fig. 5C,D) suggesting that Cyp26al
has a limited role in PPR formation. Furthermore, unlike cyp26¢i,
cyp26al is not activated by Zicl1GR in animal cap explants (Fig. 1E),
and is therefore not part of the Zicl-regulated pathway.

PPR patterning by RA

To evaluate the impact of varying RA levels on PPR patterning gene
expression, we treated gastrulating embryos with a range of RA
doses. We find that increasing doses of RA resulted in strikingly
different responses. As previously reported, the foxi4.1 expression
domain was expanded at low doses of RA and reduced at higher
doses (Fig. 6A; Jaurena et al., 2015). By contrast, cyp26cl and
hnf1b had an essentially linear expansion with increasing doses of
RA, whereas pitx2c expression levels steadily decreased with
increasing RA (Fig. 6A), suggesting that Pitx2c is acutely sensitive
to RA levels. In particular, the two discrete domains of cyp26¢i
expression became indistinguishable or appeared to merge at higher
doses of RA, suggesting that at least one domain is RA responsive,
consistent with a previous report describing the high sensitivity of
the PPR-adjacent region to excess RA (Sive et al., 1990).

In order to distinguish the RA sensitivity of the two cyp26c¢l
domains, we investigated changes in cyp26c¢l expression during
crucial periods of RA sensitivity for the development of anterior
structures (Sive et al., 1990). Embryos at NF stages 10 and 11 were
exposed to 1 uM RA, followed by in situ hybridization post-
neurulation (NF stage 22/23), when the two domains of cyp26¢l are
spatially separated (Fig. 6B). Our results show that the posterior/
hindbrain expression domain of cyp26¢1 expanded anteriorly at both
stages, in a manner similar to 4nf1b response (Fig. 5B). By contrast,
the expression of pitx2c¢ and the PPR-adjacent domain of cyp26¢i
was lost or reduced upon RA treatment (Fig. 6B). These results
indicate that the two expression domains of Cyp26¢1 are differently
regulated and have distinct sensitivity to RA. Taken together, these
findings point to differential RA requirement for genes involved in
PPR specification, and highlight the need for RA levels to be
carefully regulated to pattern the anterior region of the embryo.

Regulation of Cyp26c1 expression by the transcription factor
Pitx2c
Our expression data show that pitx2c and cyp26¢l are co-expressed
anteriorly in the PPR-adjacent domain, where pitx2c temporally
precedes cyp26¢1 (Fig. 11). Moreover, previous work has established
that pitx2 homologs are RA-responsive genes (Matt et al., 2005;
Kumar and Duester, 2010; Chawla et al., 2016), suggesting that
Pitx2c may participate in PPR formation downstream of Zicl and
upstream of Cyp26cl. In animal cap explants pitx2¢ induction by
Zicl is strongly blocked by disulfiram, a broad inhibitor of RA
synthesis (Kitson, 1975; Veverka et al., 1997), in a similar manner as
six], confirming that pitx2c is activated by RA in this system
(Fig. 7A,B; Fig. S5). These data suggest that Zicl, Pitx2c and
Cyp26c] function in the same pathway.

To evaluate a potential role of Pitx2c¢ in the regulation of Cyp26¢cl,
we used a translation-blocking MO (PitxMO1; Fig. 7C) and a splice-
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Fig. 5. Cyp26a1 knockdown does not affect cyp26¢1 and six7 expression.
(A) Schematic representation of the cyp26a1 gene structure, indicating the
target site for the splice-blocking morpholino (SMO2; green bar). For
representation purposes, the cyp26a1.L form is shown; however, the
morpholino targets both forms. The primers used to detect intron exclusion are
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PCR analysis of total RNA from embryos bilaterally injected with increasing
doses of Cyp26a1 as indicated. The fold change of intron 1 retention over
exclusion (exon 1-exon 2) is shown. Values are normalized to ODC prior to
calculation of fold change. (C) In situ hybridization for cyp26¢c1 and six7 in
Cyp26a1SMO2-injected embryos (TexasRed dextran was used as a lineage
tracer). The asterisks indicate the injected side. (D) Quantification of the
phenotypes in C from at least three biological replicates. The number of
embryos analyzed for each condition is indicated at the top of each bar. ns, not
significant.

blocking MO (PitxSMO2) targeting the exon 2/intron 2 junction of
Pitx2c pre-mRNA (Fig. S6). The specificity of the translation-blocking
MO was confirmed by western blot of embryos co-injected with
Pitx2c-Flag mRNA and PitxMOI1 (Fig. 7D). PitxSMO?2 disrupts the
exon 2/intron 2 splice junction, resulting in a transcript lacking exon 2,
as shown by qRT-PCR (Fig. S6). Unilateral injection of either MO
resulted in a similar phenotype preferentially reducing the anterior
expression domain of c¢yp26ci, and decreasing six/ expression

(Fig. 7E-H). A small number of PitxMOl-injected embryos show
expanded six/ expression (Fig. 7F), which is typically observed in
embryos exposed to low doses of RA (Jaurena et al., 2015). Therefore,
we speculate that, in these embryos, a partial Pitx2c knockdown may
have resulted in an incomplete downregulation of cyp26c¢1, leading to
accumulation of RA to levels compatible with six/ expansion.
Altogether, these results suggest that Pitx2c may regulate PPR
specification through Cyp26cl. Consistent with this possibility,
expression of a hormone inducible version of Pitx2c (Pitx2cGR) in
animal cap explants strongly activated Cyp26cl expression (Fig. 71;
Fig. S7). Interestingly, we found that Pitx2c in this assay was also a
potent inducer of fibroblast growth factor 8 (fgf8) after 4 h in culture
(Fig. 7J; Fig. S7). Fgf8 is an important regulator of PPR formation
(Ahrens and Schlosser, 2005), and its expression overlaps anteriorly
with Pitx2c (Fig. S8a). In the whole embryos, Pitx2cGR mis-
expression induces a posterior shift of the fgf8 hindbrain expression
domain and a reduction of its PPR expression domain (Fig. S8b). This
correlates with a massive expansion of cyp26¢! expression domain.
Therefore, the anterior reduction of fgf8 expression in this context is
likely the result of attenuation of endogenous RA signaling via
Cyp26¢1 upregulation, and the subsequent posteriorization of these
embryos (Fig. S8b). Altogether, these results indicate that Pitx2c is
activated by Zicl and induces Cyp26¢1, pointing to Pitx2c as a novel
regulator of PPR specification upstream of Cyp26¢1.

Pitx2c induces Cyp26c¢1 indirectly via FGF8

Pitx2c is both necessary and sufficient for cyp26c¢! expression, and
regulates fgf8 expression (Fig. 7E-J). To test whether Pitx2c mediates
its activity via FGF signaling, we treated animal cap explants
expressing Pitx2cGR with the broad FGF receptor inhibitor SU5402
(Mohammadi et al., 1997). This treatment significantly reduced
cyp26¢l induction by Pitx2cGR (Fig. 8A; Fig. S9). These findings
were further validated in the whole embryo, where SU5402 treatment
severely and selectively reduced cyp26¢ci expression in the PPR-
adjacent domain, while the hindbrain domain was largely unaffected
(Fig. 8B,C). The pitx2c expression domain was unperturbed in these
embryos; however, the PPR expression domain of foxi4./ was also
significantly reduced (Fig. 8B,C). The requirement for FGF signaling
was further confirmed using a MO to specifically interfere with fgf8a
(Fgf8aMO; Fletcher et al., 2006). Upon fgfS8a knockdown, both
cyp26cl and foxi4.1 were significantly reduced, whereas pitx2c
expression was largely unchanged (Fig. 8D,E). The hindbrain
expression domain of cyp26cl was also affected in Ffg8MO-
injected embryos. This is likely due to differences in the treatment
regimens used for the drug versus the MO. SU5402 was applied at
gastrulation (stage 11), whereas Fgf8MO was injected at the two-cell
stage, therefore affecting Fgf8 function at an earlier time-point than
SU5402. Sustained Fgf8 knockdown is presumably more broadly
detrimental to embryonic development. Taken together, these results
demonstrate that Pitx2c¢ participates in PPR formation by regulating
cyp26¢l expression anteriorly in an FGF-dependent manner.

DISCUSSION

The crucial role of morphogens in patterning the embryo is well
established. However, the mechanistic details of how these gradients
are distributed and interpreted by target cells remain unclear. Our
previous work (Jaurena et al., 2015) showed the existence of an
anterior source of RA activated by Zicl and crucial for PPR
induction. However, this observation left largely unresolved the
mechanism by which RA signaling activate PPR genes in a spatially
restricted domain, adjacent to the Zicl-generated source of RA. In
this study, we have dissected this mechanism, demonstrating that the
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Fig. 6. RA sensitivity and dose response of PPR-related genes. (A) /n situ hybridization for cyp26c¢1, pitx2c, foxi4.1 and hnf1b expression on stage 15 embryos
treated with either 1 yM DMSO with increasing doses of RA as shown. (B) In situ hybridization analysis of stage 22 embryos treated with either 1 yM DMSO
or 1 uM RA at stages 10 and 11. For double in situ hybridization (middle and bottom rows), the gene being assessed is indicated with bold letters, pitx2c (middle
rows) and hnf1b (bottom rows). Red arrows indicate the position of the cement gland region. The red dotted lines indicate the anterior boundary of hnf1b
expression under normal conditions, which expands anteriorly under conditions of excess RA (1 uM, white dashed line). (A,B) The phenotypes are fully
penetrant; n>45 embryos per conditions from three biological replicates. (A,B) All images show anterior views with dorsal towards top, except for hnf1b, where

dorsal views are presented with anterior towards bottom.

production of RA is only one step in the regulatory cascade leading to
PPR formation, and that two Zicl targets, the transcription factor
Pitx2c and the RA degrading enzyme Cyp26cl, are essential
effectors that act in concert to modulate RA levels anteriorly for
proper PPR gene expression. By direct measurement of endogenous
retinoids in the embryo using LC-MS/MS, we show that Cyp26cl
controls RA levels to promote PPR gene expression in a spatially
restricted domain. Therefore, it is not the mere production of RA that
is crucial to initiate a PPR development program, but rather its tight
regulation by the Cyp26¢1 enzyme, which is activated in the vicinity
of the PPR by Pitx2c in a FGF-dependent manner. Thus, we propose
that Zicl activation at the ANP serves to create a program of RA
containment and regulation through Cyp26¢1 and Pitx2c cooperation
to promote PPR specification in a spatially restricted domain
(Fig. 9A). Under conditions of excess RA, owing to Cyp26¢l
knockdown or exposure to exogenous RA, pitx2c and pitx2c/cyp26¢l
are downregulated, respectively, thus preventing modulation of RA
levels necessary for PPR gene activation (Fig. 9B). Although our
experiments indicate an essential role for RA in establishing the PPR,
future studies will help determine whether Cyp26c¢l1-regulated RA
levels control PPR formation directly or indirectly through the
patterning of adjacent tissues or the regulation of other signaling
pathways.

Cyp26¢1 is essential for PPR formation

Cyp26¢] was first identified in a microarray screen for Zicl targets
during PPR formation (Jaurena et al., 2015). Knockdown of Cyp26c1
using either MO or CRISPR/Cas9 resulted in a drastic reduction of
PPR and neural crest gene expression. By direct measurement of
endogenous RA levels in Cyp26-depleted embryos (NF stage 13), we
demonstrated that this phenotype was due to excess RA accumulation
(Fig. 4A), thereby confirming that Cyp26cl is required to maintain
low RA levels in the anterior regions of the embryo for PPR gene
expression. Interestingly, the levels of 4-ox0-RA detected in embryos

at all stages were higher than those observed for at-RA, suggesting
that 4-0x0-RA could be the major species of retinoid in Xenopus
(Blumberg et al., 1996). In fact, Cyp26cl has been shown to be
efficient in clearing 4-oxo-RA into further polar metabolites (Zhong
et al., 2018); therefore, cyp26¢I-mediated degradation is required in
this region, regardless of the retinoid species present. This will be
further investigated in future work by comparing at-RA and 4-oxo-
RA for their capacity to regulate PPR gene expression.

Late stage embryos lacking Cyp26¢1 showed a marked truncation
of head structures (Fig. 3H,I) and did not survive past stage 30. This
is consistent with reports in mice, where the loss of both Cyp26¢l
and Cyp26al was severely detrimental to neural tube closure and
resulted in truncation of anterior structures (Uehara et al., 2007).
The co-requirement of Cyp26al in mice is not surprising as
typically a high level of redundancy is observed in mammalian gene
families and not as much in Xenopus. Although Cyp26cl and
Cyp26al are both expressed in partially overlapping regions
anteriorly, MO-mediated knockdown of Cyp26al did not affect
cyp26¢l or sixI expression, ruling out the possibility of a reciprocal
compensation during PPR formation (Fig. 5).

To evaluate the potential mechanism(s) underlying the loss of
PPR genes in Cyp26cl-depleted embryos, we have analyzed
whether these cells: (1) had activated alternate ectoderm fates by
looking at sox2 (neural plate) and keratin (epidermis) expression by
qRT-PCR; (2) were targeted for cell death, detected using TUNEL
staining; or (3) had impaired proliferation, determined by pHH3
staining. We used both animal cap explants expressing Zicl (1) and
whole embryos (2 and 3). We found no significant changes in sox2
and keratin expression in animal cap explants expressing Zicl upon
Cyp26¢l knockdown, and the rate of cell death and proliferation
were unaffected in Cyp26¢1 morphant embryos (data not shown and
Fig. S10, respectively). Future studies will determine whether these
cells remain in an undifferentiated/pluripotent state or have activated
non-ectodermal cell fates.
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Fig. 7. Regulation of Cyp26c1 expression by the transcription factor Pitx2c. (A,B) gRT-PCR analysis of pitx2c (A) and six1 (B) expression in animal cap
explants injected with Zic1GR mRNA and cultured for 8 h in the presence of dexamethasone with or without disulfiram (DSF; 100 uM). Values are normalized to
ODC. A representative experiment is shown. (C) Schematic representation of the pitx2c gene structure, indicating the target site for the translation-blocking
(MO1; black arrow) morpholino. (D) Western blot analysis of protein lysates from control embryos (lane 1), Pitx2c-FLAG mRNA-injected embryos (lane 2) and
Pitx2c-FLAG mRNA co-injected with 20 ng of PitxMO1 (lane 3). Tubulin is shown as a loading control (bottom panel). (E,G) In situ hybridization for cyp26¢1 and
six1 expression in PitxMO1- (E) and PitxSMO2-injected embryos (G). Red-Gal (E) or RFP (G) were used as a lineage tracer. The asterisks indicate the
injected side. (1,J) qRT-PCR analysis for cyp26¢1 (1) and fgf8a (J) expression in animal cap explants injected with Pitx2cGR mRNA and cultured in the presence of
dexamethasone. The values are normalized to ODC. cyp26c1 expression was assessed after 8 h in culture, while fgf8a expression was evaluated after 4 h in
culture. (F,H) Quantification of the phenotypes from E and G, respectively, from at least three biological replicates. The total number of embryos is indicated
at the top of each bar. P-values for the association between morpholino injection and level of gene expression were calculated using an unpaired t-test for the
major phenotype, **P<0.01, ***P<0.001, ****P<0.0001 in F,H. (E,G) All images show anterior views with dorsal to the top.

PPR patterning through local gradient generation
The catabolism of RA mediated by Cyp26 enzymes is known to be
crucial to establish discrete domains of RA signaling in the embryo
by preventing signal spreading and directing propagation, as well as
regulating RA levels within a domain (Bok et al., 2011; da Silva and
Cepko, 2017; Ono et al., 2020). These adjacent and complementary
domains of production and degradation within the embryo are
crucial for patterning sensory tissues, and disruptions of these
domains can have dramatic consequences on subsequent fate
specification (for a detailed review, see Dubey et al. (2018).

Our results reveal the existence of such juxtaposed domains in the
embryonic head of Xenopus embryos: the RA-producing ANP that
expresses Raldh2/Aldhla2 (Jaurena et al., 2015) and the RA-

degrading domain defined by the anterior expression domain of
Cyp26¢l that partially overlaps with the PPR. Thus, the precursor
region for all cranial placodes also employs this very precise
mechanism of RA modulation seen in specification of complex
sensory tissues. This supports the view that, in addition to its
posteriorizing activity during development (Villanueva et al., 2002;
Kudoh et al., 2002), independent pockets of highly regulated RA
signaling are also used throughout development for tissue
specification.

Regulation of Cyp26c1 expression anteriorly

Examination of previously identified Zicl targets (Bae et al., 2014,
Jaurena et al., 2015) for their expression in regions adjacent to the
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PPR yielded Pitx2c as a potential regulator of Cyp26¢l. Pitx2c is a
transcription factor that controls left-right asymmetry, and is a known
RA target (Liu et al., 2001). Perturbations in Pitx2¢ function have
been known to result in craniofacial, ocular and tooth defects in mice
(Liu et al., 2003). In Xenopus, pitx2c is co-expressed with cyp26¢1 in
the PPR-adjacent domain, where it precedes cyp26¢! (Fig. 11). We
show that pitx2c is activated by Zicl in an RA-dependent manner,
(Fig. 7A) and is necessary (Fig. 7E-H) and sufficient (Fig. 71) for
cyp26cl expression. Interestingly, pitx2c expression is also
dependent on Cyp26cl function in animal cap explants (Fig. 3G)
and in the embryo (Fig. S11), suggesting that Cyp26c¢l is also
required to dampen RA levels and maintain pitx2c expression in this
region. The RA dose response experiments further support a model
where Cyp26¢l participates in a feedback loop to maintain low RA
levels within the PPR-adjacent domain for proper expression of
pitx2c, a gene acutely sensitive to excess RA (Fig. 6A).

In addition to pitx2c, we find evidence that exogenous RA is
capable of expanding cyp26cl expression (Fig. 6A). Further
analysis revealed that this expansion is largely contributed by the
hindbrain expression domain of cyp26¢1, which behaves like inf1b,
a known RA-responsive gene (Gere-Becker et al.,, 2018). By
contrast, the cyp26cl PPR-adjacent domain displays significantly
greater sensitivity and is abolished under excess RA (Fig. 5B),
similar to the PPR genes foxi4.] and pitx2c (Fig. 6A). These
observations indicate that cyp26c¢! hindbrain and PPR-adjacent
expression domains are independently regulated, with contrasting
RA dependence.

Regulation of Cyp26c1 expression by Pitx2c depends on FGF
signaling

RA and FGF signaling often interact during embryogenesis
(Hernandez et al., 2004; Shiotsugu et al., 2004; Cunningham et al.,
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Fig. 9. Model for Zic1-regulated PPR formation. (A) Under normal conditions (optimal RA levels), at the end of gastrulation, Zic1 is expressed in the prospective
anterior neural plate (orange), where it activates the expression of raldh2/adh1a2. RA synthesized by raldh2/adh1a2 is transported to the adjacent
PPR-adjacent region (blue) where it activates pitx2c expression. Subsequently, Pitx2c induces the expression of cyp26¢1 in the same domain via activation of
Fgf8a. Cyp26c1 in turn maintains RA at low levels for sustained pitx2c expression and elicits the activation of PPR-specific genes. (B) Under conditions

of excess RA, upon Cyp26¢c1 knockdown (left panel) or on exposure to exogenous RA (right panel), pitx2c and pitx2c/cyp26c¢1 are downregulated, respectively,

preventing the modulation of RA to levels necessary for PPR gene activation.

2013), and FGFS8 is expressed in PPR-adjacent regions, both in
Xenopus laevis (Fletcher et al., 2006; Hong et al., 2008) and in
Xenopus tropicalis (Lea et al., 2009). Pitx2c is a potent inducer of
FGF8a in animal cap explants (Fig. 7J), which can be detected as
early as 4 h, suggesting that Fgf8 expression precedes Cyp26cl
induction when the pathway is first activated. Interference with FGF
signaling in the embryo results in specific loss of cyp26c¢1 expression
in the PPR-adjacent domain, reduction of foxi4.1 expression at the
PPR (Fig. 8A-C), without affecting pitx2c expression domain. This
suggests that Pitx2c activates cyp26¢l expression anteriorly through
upregulation of FGF8a. This is consistent with other reports showing
that Cyp26 enzymes are activated by FGF signaling, as seen for
Cyp26¢l in the chick otic placode and retina (da Silva and Cepko,
2017; Yang et al., 2013), and for Cyp26al in the paraxial mesoderm
(Moreno and Kintner, 2004). These findings point to Pitx2c as a key
factor integrating both RA and FGF signaling to pattern the PPR.
Overall, our observations strongly support a model where Zicl, in
an RA-dependent manner, activates pitx2c, which in turn is crucial
for regulating cyp26¢1 expression indirectly through FGF signaling
(Fig. 9). The Pitx2c-expressing PPR-adjacent region serves as an
important regulatory domain at early neurula stage for RA

containment and regulation through Cyp26cl activation that
operates within a specific temporal window to promote PPR
specification in a spatially restricted domain. Computational and
experimental data in zebrafish have shown that Cyp26al is regulated
by both RA and FGF to generate a robust RA gradient in the embryo
(White etal., 2007; Casci, 2008). We find a similar setup for Xenopus
PPR specification, where both RA and FGF interact to regulate
Cyp26¢l1 expression presumably to generate a local gradient of RA
free of fluctuations.

MATERIALS AND METHODS

Plasmids, constructs and oligonucleotides

Xenopus laevis ZiclGR and Pitx2cGR constructs are hormone-inducible
versions of Zicl and Pitx2c, generated by fusing the human glucocorticoid
receptor (GR) ligand-binding domain (Kolm and Sive, 1995) to the coding
region of Pitx2¢ and Zicl in a pCS2+ backbone (Hong and Saint-Jeannet,
2007). Cyp26¢cl-pBSK was a gift from Dr Makoto Asashima (University
of Tokyo, Japan) (Tanibe et al., 2008). The Pitx2c-FLAG construct was
generated by addition of 1x FLAG tag (DYKDDDDK) at the C-terminus
of Pitx2c in the pCS2+ backbone using the following reverse primer:
5'-AGTCTAGACTTGTCGTCATCGTCTTTGTAGTCCACGGGTCTG-3".
ZiclGR, Pitx2c-Flag, Pitx2cGR, B-galactosidase and red fluorescent protein
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(RFP) mRNAs were synthesized using the Message mMachine SP6 and T7
Transcription kits (Ambion; SP6, AM1340; T7, AM1344) and purified using
the RNAeasy MinElute Cleanup Kit (Qiagen, 74204). Zicl (Zic1-MO) (Sato
et al., 2005), Fgf8a (Fgf8aMO) (Fletcher et al., 2006), Cyp26¢1 (Cyp26MO:
GATTCCTGAAAGCCAAGAACATACG) and Pitx2¢ (PitxMO1: TTTCA-
TAGAGTTCATGGAGGATGGT; PitxSMO2: AACCAGACCTGAAGG-
AGGCAGAATA) morpholino antisense oligonucleotides (MO) were
purchased from GeneTools. A standard control morpholino (CoMO;
CCTCTTACCTCAGTTACAATTTATA) was used as control. The
efficiency of knockdown by the Cyp26¢l splice-blocking MO (Cyp26¢l-
MO) was validated by RT-PCR on injected embryos (Fig. 3B) using the
following primers spanning intron 4, (I4): forward, 5'-CTATACATATGA-
GGTTTCAGCCCTG-3'; reverse: 5'-CTGAAAGCCAAGAACATACGTG-
3’. To validate knockdown by PitxSMO2, RT-PCR on injected embryos was
performed using primers in exon 2 (E2; 5'-AATCGCAGTGTGGACCAAT-
3’) and exon 3 (E3; 5'-TGGTTCCTCTCCCTCTTTCT-3') (Fig. S6).

Embryos, injections, treatments and animal cap explant culture
Xenopus laevis embryos were staged according to Nieuwkoop and Faber
(NF) (Nieuwkoop and Faber, 1967) and raised in 0.1x Normal Amphibian
Medium (NAM) (Slack and Forman, 1980). All experiments in this study
were conducted in accordance with the guidelines of the Guide for the Care
and Use of Laboratory Animals of the National Institutes of Health. All
protocols requiring Xenopus were approved by the Institutional Animal Care
and Use Committee of New York University under animal protocol IA16-
00052. In microinjection experiments, embryos were injected in one
blastomere at the two-cell stage (NF stage 2) or in one animal dorsal
blastomere at the eight-cell stage (NF stage 4), collected at NF stage 15 and
processed for in situ hybridization (ISH). The injection solutions consisted
0f'40-60 ng of MO and 0.5 ng of B-galactosidase mRNA as a lineage tracer.
Embryos injected with CoMO were used as controls. In experiments
involving retinoic acid (all-trans RA, Sigma-Aldrich, R2625) and SU5402
(Tocris, 3300) treatments, stock solutions were prepared in DMSO
(dimethylsulfoxide). NF stage 11 embryos were incubated in RA diluted
in 0.1x NAM (0.01 uM, 0.05 uM, 0.1 uM, 1 uM and 10 uM) or 25 uM
SU5402 in 0.1x NAM. Sibling embryos were treated with 10 pM or 25 uM
DMSO as controls.

Animal cap explant experiments were conducted by injecting one
blastomere at the two-cell stage in the animal pole region with 250 pg
Zic1GR or 500 pg Pitx2cGR mRNA. For the experiments described in
Fig. 3E, Zic1GR and Cyp26c1-MO were injected in opposite blastomeres
due to the non-cell autonomous role of Zicl in PPR gene induction (Jaurena
et al., 2015). The explants were dissected at the blastula stage (NF stage 9)
and cultured in 0.5 NAM with 10 uM dexamethasone (Sigma-Aldrich,
D1756) for 8h at 24°C unless otherwise noted, then collected and
immediately stored at —80°C. For some experiments, 100 uM disulfiram
(tetracthylthiuram disulfide, Sigma-Aldrich, 86720) and 25 uM SUS5402
were added to the incubation medium. All experiments were performed on at
least three independent batches of embryos (obtained from three separate
females). On average, S0 embryos per injection and per marker were used in
whole-embryo experiments, and 12-15 animal caps per experiment were
used in animal cap explant assays.

CRISPR/Cas9 mutagenesis

Two single guide RNAs (sgRNAs) (SL1, 5'-GGCTGCTTCTCACCAGC-
TC-3’; SL2, 5-GCCGGTTATTCGAGTGACA-3') were used and
generated as described by Nakayama et al. (2013). Conserved regions
between the L and S form of Cyp26¢1 were chosen as target regions for SL1
and SL2. sgRNAs were synthesized using the MegaShortScript Kit
(Ambion, AM1354M) and purified using MEGACIlear kit (Ambion,
AM1908). Cas9 recombinant protein was purchased from PNA Bio
(CP01-20). For CRISPR-Cas9 injections, a mix of 1 ng total of sgRNAs,
2 ng of Cas9 protein and Texas Red Dextran (Molecular Probes, D1863)
was used. Injections were performed unilaterally at the two-cell stage, and
embryos injected with Cas9 protein alone were used as controls. Efficacy of
sgRNAs was determined by direct sequencing of PCR amplicons (DSP)
assay, as described previously (Nakayama et al., 2014; Fig. S4). Sequence
alignment was performed using Geneious Prime.

In situ hybridization

In situ hybridization was carried out as previously described (Harland, 1991;
Jaurena et al., 2015; Saint-Jeannet, 2017). Briefly, embryos were collected
at the indicated stage and fixed in MEMFA (0.1 M MOPS, 2 mM EGTA,
1 mM MgSO, and 3.7% formaldehyde). If B-galactosidase mRNA was used
as a tracer, Red-Gal (Research Organics, C40040) staining was performed
prior to in situ hybridization. If the tracer used was RFP or TexasRed
Dextran, prior to fixation the embryos were first screened for fluorescence
signal either in the left or right half of the embryo, sorted, and then fixed and
processed independently for in situ hybridization.

Whole-mount in situ hybridization (Saint-Jeannet, 2017) was carried out
in 4 ml glass vials on a standard bench top nutator. Zic/ (Mizuseki et al.,
1998), Foxi4.1 (Schlosser and Ahrens, 2004; Pohl et al., 2002), Six/ (Pandur
and Moody, 2000), Snai2 (Mayor et al., 1995), Dmrtal (Huang et al., 2005),
Hnf1b (Dematrtis et al., 1994), Sox2 (Mizuseki et al., 1998), Pitx2¢ (Jeong
etal.,, 2014), Cyp26¢! (Tanibe et al., 2008) and Fgf8a (Christen and Slack,
1997) digoxygenin (DIG)- or fluorescein isothiocyanate (FITC)-labeled
antisense RNA probes were synthesized using the Genius Kit (Roche,
1175025). The hybridization step was performed overnight at 60°C. For
detection of RNA probes, an anti-DIG antibody conjugated to alkaline
phosphatase (Roche, 11093274910; 1:2000 dilution) was used overnight at
4°C. Excess antibody was removed through several successive washes and
the chromogenic reaction performed overnight at room temperature in BM
purple (Roche, 11442074001). The embryos were subsequently bleached in
10% hydrogen peroxide in methanol for 48 h. For double in situ
hybridization, DIG- and FITC-labeled probes were co-incubated and
detected sequentially with anti-FITC antibody conjugated to alkaline
phosphatase (Roche, 11426338910; 1:10,000 dilution) and anti-DIG
alkaline phosphatase conjugated antibodies, respectively. The FITC-
labeled probe was visualized using Magenta Phosphate (5-bromo-6-
chloro-3-indolyl phosphate; Biosynth, B7452) for several days. After
inactivation by treatment with glycine (0.1 M, pH 2.2) for 30 min, the DIG-
labeled probe was visualized with 4-toluidine salt (BCIP; Roche,
11383221001) until a robust signal was achieved. The two-color reactions
were followed by bleaching of embryos in 10% hydrogen peroxide in PBS
for a few hours, and imaged in 1x PBS.

TUNEL and pHH3 staining

TUNEL staining was performed according to the protocol described by
Hensey and Gautier (1998). Briefly, Cyp26c1MO-injected albino embryos
were fixed in MEMFA, rehydrated in PBT and washed in TdT buffer
(Roche). End labeling was subsequently performed at room temperature in
TdT buffer containing 0.5 uM DIG-dUTP and 150 U/ml TdT (Roche).
Embryos were then washed at 65°C in PBS/1 mM EDTA, and DIG was
detected using anti-DIG Fab fragments conjugated to alkaline phosphatase
(Roche; 1:2000). For phosphohistone H3 (pHH3) detection (Saka and
Smith, 2001), embryos were incubated successively in an anti-pHH3
antibody (Upstate Biotechnology, 06-570; 1 pg/ml) and anti-rabbit IgG
secondary conjugated to alkaline phosphatase (ThermoFisher Scientific, G-
21079; 1:1000). The chromogenic reaction was performed using NBT/BCIP
(Roche). Sf3b4MO-injected albinos embryos were used as a positive control
(Devotta et al., 2016).

Extraction and quantification of retinoids

Batches of 130 (wild-type analysis) and 25 (wild type versus Cyp26MO
analysis) embryos at NF stages 9, 10.5 and 13 collected from at least three
different females were immediately frozen in liquid nitrogen. The samples
were stored in —80°C until processed. Embryos were homogenized in 1 ml
saline. Extraction of retinoids was performed under yellow lights using a
two-step liquid-liquid extraction that has been described in detail previously,
using 4,4-dimethyl-RA as an internal standard for RA and retinyl acetate as
an internal standard for retinol and total retinyl ester (Jones et al., 2015;
Kane et al., 2005, 2008b; Kane and Napoli, 2010). For the extraction of
retinoids, 3 ml of 0.025M KOH in ethanol was added to embryo
homogenates followed by addition of 10 ml hexane to the aqueous
ethanol phase. The samples were vortexed and centrifuged for 1 to 3 min
at ~1000 g in a Dynac centrifuge (Becton Dickinson) to facilitate phase
separation and pellet precipitated protein. The hexane (top) phase containing
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nonpolar retinoids (retinol and RE) was removed. 4 M HCI (180 ul) was
added to the remaining aqueous ethanol phase, samples were vortexed and
then polar retinoids (RA, 4-ox0-RA) were removed by extraction with a
second 10 ml aliquot of hexane as described above. Organic hexane phases
were evaporated under nitrogen while heating at ~30°C in a water bath
(model N-EVAP 112, Organomation Associates). All samples were
resuspended in 60 pl acetonitrile. Only glass containers, pipettes and
syringes were used to handle retinoids.

Levels of RA were determined by liquid chromatography-multistage
tandem mass spectrometry (LC-MRM?), which is an LC-MS/MS method
using two distinct fragmentation events for enhanced selectivity (Jones
et al., 2015). RA was measured using a Shimadzu Prominence UFLC XR
liquid chromatography system coupled to an AB Sciex 6500+ QTRAP
hybrid triple quadrupole mass spectrometer using atmospheric pressure
chemical ionization (APCI) operated in positive ion mode as previously
described (Jones et al,, 2015). For the LC separation, the column
temperature was controlled at 25°C, the auto-sampler was maintained at
10°C and the injection volume was typically 20 ul. All separations were
performed using an Ascentis Express RP-Amide guard cartridge column
(Supelco, 50x2.1 mm, 2.7 um) coupled to an Ascentis Express RP-Amide
analytical column (Supelco, 100%2.1 mm, 2.7 pm). Mobile phase A
consisted of 0.1% formic acid in water; mobile phase B consisted of 0.1%
formic acid in acetonitrile. Endogenously occurring retinoid isomers,
including all-trans-retinoic acid (RA), 9-cis retinoic acid, 13-cis retinoic acid
and 9,13-di-cis retinoic acid, were resolved using a gradient separation at a
flow rate of 0.4 ml/min with the following gradient: 0-1 min, 60% B; 1-
7 min, ramp to 95% B; 7-9 min, hold at 95% B; 9-9.5 min, ramp to 10% B;
9.5-10.5 min, hold at 10% B; 10.5-11 min, ramp to 95% B; 11-12.5 min,
hold at 95% B; 12.5-13 min, ramp to 60% B; 13-15 min, re-equilibrate at
60% B. The APCI source conditions and MRM? detection parameters were
as follows: curtain gas, 15; collision gas, low; nebulizer current, 3;
temperature, 325; ion source gas, 55; declustering potential, 56; entrance
potential, 12; collision energy, 1; excitation energy, 0.1; excitation time, 25;
ion trap fill time, 125. The MRM? transition for RA was m/z 301.1—m/z
205.1—-m/z 159.1 and for 4,4-dimethyl RA was m/z 329.2—m/z 151.2—m/z
100.0.

Levels of all-trans-4-0x0-RA (4-0x0-RA) were determined by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method using
method modified from Kane and Napoli (2010). 4-oxo-RA was measured
using a Shimadzu Prominence UFLC XR liquid chromatography system
coupled to an AB Sciex 6500+ QTRAP hybrid triple quadrupole mass
spectrometer using atmospheric pressure chemical ionization (APCI)
operated in positive ion mode. For the LC separation, the column
temperature was controlled at 25°C, the autosampler was maintained at
10°C and the injection volume was typically 20 ul. All separations were
performed using an Ascentis Express RP-Amide guard cartridge column
(Supelco, 50x2.1 mm, 2.7 um) coupled to an Ascentis Express RP-Amide
analytical column (Supelco, 100x2.1 mm, 2.7 pm). Mobile phase A
consisted of 0.1% formic acid in water; mobile phase B consisted of 0.1%
formic acid in acetonitrile. Endogenously occurring retinoid isomers
including all-trans-4-oxo-retinoic acid (4-oxo-RA) and 13-cis-4-oxo-
retinoic acid were resolved using a gradient separation at a flow rate of
0.4 ml/min with the following gradient: 0-3 min, 40% B; 3-16 min, ramp to
95% B; 16-19 min, hold at 95% B; 19-19.5 min, ramp to 10% B; 19.5-
20.5 min, hold at 10% B; 20.5-21 min, ramp to 95% B; 21-22.5 min, hold at
95% B; 22.5-23 min, ramp to 40% B; 23-25 min, re-equilibrate at 40%
B. The APCI source conditions and MRM detection parameters were as
follows: curtain gas, 20; collision gas, medium; nebulizer current, 3;
temperature, 325; gas 1, 35; gas 2, 30; declustering potential, 20; entrance
potential, 4; collision energy, 15; collision exit potential, 23; dwell time, 150
ms. The MRM transition for 4-ox0-RA (and 13-cis-4-oxo-retinoic acid) was
m/z 315.1-m/z 297.1 and for internal standards 4-oxo-RA-d3 was m/z
318.1-m/z 300.0 and for internal standard 13-cis-4-oxo-retinoic acid-d6
was m/z 321.1-m/z 303.1.

Levels of retinol and total retinyl esters (RE) were quantified via HPLC-
UV according to previously published methodology (Kane and Napoli,
2010; Kane et al., 2008a). Retinol and RE were resolved by reverse-phase
chromatography (Zorbax SB-C18, 4.6x100 mm, 3.5 um) on a Waters

Acquity UPLC H-class system and were quantified by UV absorbance at
325 nm. Analytes were separated at 1 ml/min with 11% water/89%
acetonitrile/0.1% formic acid for 9 min, followed by a linear gradient over
2 min to 100% acetonitrile. Then 100% acetonitrile was maintained for
2 min, followed by a linear gradient over 2 min to 5% acetonitrile/1,2-
dichloroethane. Final conditions were held for 2 min before returning to
initial conditions. Injection volume was 30 pl for all samples.

The amount of retinoic acid (RA), retinol (ROL) and total retinyl ester
(RE) was normalized per g of tissue for embryo analyses. Average weights
of embryos were similar among groups and on average (mean+s.d.) were as
follows: 130 embryos (as in Fig. 2) were 283.4+23.1 mg and 25 embryos (as
in Fig. 4) were 57.1+7.5 mg.

Western blot analysis

Embryos were injected at the two-cell stage with 2.5 ng of Xenopus Pitx2c-
Flag mRNA alone or with increasing doses of PitxMO1 and collected at
stage 13. Pools of 10 embryos were homogenized in lysis buffer (1% Triton
X-100, 5mM EDTA in 0.1x NAM) containing Halt Protease Inhibitor
Cocktail (78429, ThermoFisher Scientific). Lysis was performed for 30 min
on ice with occasional vortexing. After two consecutive centrifugations (to
eliminate lipids), 10 ul of the concentrated lysate was resolved on a 4-12%
NuPAGE Bis-Tris gel and transferred onto a PVDF membrane using the
iBlot system (Invitrogen). Blots were subsequently incubated overnight with
the monoclonal anti-Flag M2 primary antibody (Sigma Aldrich, F3165;
1:1000 dilution). The blots were then washed and incubated with anti-
mouse IgG coupled to horseradish peroxidase (Santa Cruz Biotechnology;
1:10,000). Peroxidase activity was detected with the Western Blotting
Luminol Reagent (sc-2048, Santa Cruz Biotechnology) and imaged on a
ChemiDoc MP Biorad gel documentation system. Membranes were stripped
using Restore Western Blot Stripping Buffer (21062 ThermoFisher
Scientific) according to the manufacturer’s recommendations and
incubated with anti o-tubulin antibody (Sigma Aldrich, T9026; 1:500
dilution).

qRT-PCR analysis

Total RNA was extracted from 12-15 animal cap explants using the RNeasy
Micro kit (Qiagen, 74004). To eliminate genomic DNA, on-column
digestion was performed with RNase-free DNase I for 15 min at room temp.
The amount of RNA isolated was quantified using a Nanodrop
spectrophotometer (Nanodrop Technologies) and 10 ng total RNA was
used per reaction. qRT-PCR was performed using the One Step RT-PCR kit
(Applied Bioystems, 4388869, 4389988). The mean Ct value for each
biological replicate was computed from four technical replicates. The
primers used for qRT-PCR are listed in Table S1.

Imaging

Images of in situ hybridization-processed embryos were captured using a
dual light-fluorescence Leica M165 Stereomicroscope using the same
exposure and magnification settings for each marker in the experiment.
Representative images of the dominant phenotype were captured and the
image panels were composed using Adobe Photoshop.

Statistical analysis

Experiments were conducted in embryos from three or more female
Xenopus for biological replicates. No prior analysis was carried out to
determine sample size. Injected embryos were compared with both the
uninjected side of each embryo, and with uninjected and CoMO-injected
embryos for expression of gene of interest. One of the following
phenotypes was assigned to each embryo: normal, lost or reduced,
expanded, or ectopic. For RA/inhibitor treated embryos, the treated
embryos were compared with DMSO-treated controls and assigned
phenotypes as above. The data from all biological replicates were pooled
for statistical analysis. In all graphs, control groups included both
uninjected and CoMO-injected embryos. Significance testing for whole-
mount in situ hybridization experiments was performed using the x> test
for multiple outcomes (such as normal and expanded gene expression) and
an unpaired, two-tailed -test for major outcome. The unpaired, two-tailed
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t-test was also used for analysis of LC-MS/MS experiments. P<0.05 was
considered significant and analyses were performed using GraphPad Prism
8. For qRT-PCR experiments, a representative experiment is shown in the
main results, and the remaining two biological replicates are provided in
Figs S1, S3, S5, S7 and S9.
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